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Abstract

We develop the trivariate probit model in which the sample incidentally
truncates twice —i.e. in the first and in the second equations—, which is not
solved in the literature. The model is analogue to the so called Bivariate
Probit with Sample Selection (also referred as Bivariate Probit with Partial
Partial Observabilty, Censored Probit or Heckman Probit) but in this case
there are three equations and two truncations. We also present an
application that shows the estimation biases when the incidental truncations
are ignored.

Resumen

En este documento desarrollamos el modelo probit trivariado en el cual la
muestra se trunca dos veces —en la primera y las segunda ecuaciones—, el
cual no se resuelve en la literatura. EI modelo es anélogo al Probit con
seleccién de muestra (también conocido como Probit bivariado con "partial
partial Observabilty”, Probit censurado o "Heckman Probit™); pero en
nuestro caso hay tres ecuaciones y dos truncamientos. También
presentamos una aplicacibn que muestra los sesgos de estimacién cuando
se omiten estos truncamientos.






1 Introduction

A sample selection bias refers to the situation whereby the individual observations
studied are classified in a non-random way and, thus, divided into two or more sub-
samples. In practice, sample selection appears in two scenarios: 1) when the analyzed
phenomenon is preceded by a natural selection process; 2) when the individual obser-
vations studied are self-selected. If sample selection is ignored selection bias —whose
primer description and technical solution appears in Heckman (1979) —may arise.

The first scenario may be found, for example, when the determinants of the theft
want to be known. If the reports are directly studied, ignoring the fact that they
are preceded by a phenomenon such as theft, there may be a selection bias problem.
It is therefore necessary to come up with a tool to determine whether theft and its
reporting are statistically correlated and thus, verify whether it is correct to study
the second phenomenon independently from the first.

In an econometric context, if the equations that describe theft and its report-
ing are statistically correlated, the independent estimation creates a selection bias
problem. According to Sartori (2003) the bias appears because of two reasons: 1)
individual observations that have higher propensity to suffer a theft are more likely to
report a theft so one may observe a sample that has a non-random characteristic; 2)
individual observations with low propensity to suffer a theft actually report it. This
happens because they have high values on some unmeasured variables captured in
the stochastic terms of the equation that characterizes theft. Hence, whether or not
the independent variables in the theft reporting equation are uncorrelated with the
stochastic term of the equation that characterizes theft in the overall population, the
two variables are correlated in the selected sample. If the stochastic variables lead to
a higher propensity to report heft, then we will have a bias in our estimation of the
effect of the independent variables on it.

Therefore, we must estimate a bivariate model which considers a joint estimation
of the two equations. This model should consider sample selection because in order
to report a theft it is necessary to suffer it. The estimation must be found through
the model illustrated in Diagram 1 if the dependent variables are dichotomous as it

may be usual to suppose in this case.



First dependent variable: suffers
theft

Second dependent variable: reports
theft

Yes

Diagram 1. Bivariate Probit with Sample Selection

The estimation of the model proposed in Diagram 1 makes it possible to find
the correlation coefficient between the two dependent variables. Technically, this
coefficient is useful because it shows whether the independent characterization of
theft reporting is biased due to sample selection. If the correlation coefficient is
statistically equal to zero, theft reporting can be characterized independently without
any selection bias problems. If it is statistically different from zero, there will be a
bias if the sample selection problem is ignored. Furthermore, since the direction of
the bias is particular to each problem, it is important to estimate it.

The second scenario exemplifies attrition. In econometrics analysis, attrition is the
non-random loss of information in a group of individual observations. For example,
when some individuals respond to a survey incorrectly, the corresponding database
offers no information on one or more variables.

If the attrition occurs in the dependent variable, the problem is known as trun-
cation. Often, this problem is solved by proposing a model that considers truncated
statistical distributions.! The non-random loss of information may also occur in
the independent variables. For instance, it may happen that the individuals that
constitute the studied sample decide not to provide information about socioeconomic
variables. It is incorrect to assume, a priori, that this is a random decision. Therefore,
the adequate answering of the survey must be considered as one of the phenomena
that characterizes the individual observations.?

This situation may be illustrated in the previous situation. Let us suppose certain
individual observations fail to adequately answer the survey from which theft and its

reporting will be studied. It is then necessary to use a tool that studies the three

IThis type of models are worked out in Greene (2008) p. 869-905.
2The adequate answering of the survey refers to the case where the relevant information that
characterizes the equations to be estimated is actually observed by the researcher.



phenomena that take place jointly. This is because, in general, it is not true that the
decision of answering the survey adequately or not is independent from, for example,
the decision to report a crime or not. For example, it may happen that the individual
observations that do not report theft are not interested in providing information
regarding the crimes suffered, or that they fear reprisals for doing so. As explained
before, this might carry a social cost, for example, the absence of information to
prosecute crimes. Furthermore, it can create a positive correlation between reporting
theft and answering the survey adequately.

Hence, estimating a pair of equations with dependent variables such as theft and
reporting is not, a priori, enough to know the variables that impact these two actions.
A third equation is needed to solve the attrition problem stemming from the collection
of the data. Consequently, it is necessary to consider a trivariate model, since the
correlations between the correct answering of the survey, the theft and the reporting
may be statistically different from zero. The model discussed is illustrated in Diagram
2 and, as is the previous case, it may be natural to assume that the dependent variables
are dichotomous. It is important to note that the order set forth in Diagram 2 is not
the one in which the events took place, but that in which the data are presented. That
is, when carrying out the study, the data for the variable theft are obtained if the
survey is answered correctly. Subsequently, the data for the reporting are collected if
a theft was suffered. Actually, this is the very reason why the double sample selection

appears.

First dependent variable:
adequately answers survey

Second dependent variable: suffers
robbery

Third dependent variable: reports
robbery

Yes

Diagram 2. Trivariate Probit Model with Double Sample Selection

As in the case illustrated in Diagram 1, the statistical magnitude of the correla-

tion coefficients makes it possible to know what the correct characterization of the



phenomena is. For example, if the correlations between the first and second, and
the first and third dependent variables are statistically equal to zero, the estimation
proposed in Diagram 1 is correct.

Often, as presumed in Diagrams 1 and 2, the variables that characterize theft and
its reporting have observability limitations. For example, they are not characterized
by continuous values, because they are dichotomous. That is, the variables take on
an arbitrary value if the individual observations are victims of theft, and on another
arbitrary value if they are not. In fact, each of the three dependent variables has the
same characteristic : dichotomy. This makes the estimation set forth in Diagram 2
difficult to calculate and to interpret.

On one hand, several numerical integration methods must be combined in order
to estimate the coefficients that characterize each one of the equations, and it is not
always possible to find a solution. On the other hand, the characteristics of the
dependent variable cause the per se estimation of the coefficients to have no interpre-
tation, so that to know the impacts of the independent variables on the dependent
variables, lineal transformations of the coefficients must be found. In practice, such
transformations are usually complicated as well.

Therefore, facing the existence of situations like the one describe in Diagram 2,
two realities are found in practice: 1) the sample selection issue caused by attrition is
ignored, and the problem illustrated in Diagram 1 is directly tackled; 2) the database
whose variables cause the attrition problem is disposed of, and a new database gen-
erated by adequately answered surveys is found. As previously explained, the first
option is not theoretically robust. Thus, the results cannot be reliable in any con-
text. The second option, on the other hand, is viable when information generation is
abundant. However, it is not always possible to find information that simplifies the
data analysis process. Then, the best way to tackle this kind of problem is to develop
a TPDSS, which is not analyzed in the econometric literature.

There are two references with regard to the Trivariate Probit with Double Sample
Selection (TPDSS) are found in the literature. On the one hand, Meng & Schmidt
(1985) develop the Bivariate Probit Model with Sample Selection (BPSS) which cor-
responds, for example, to the proposition outlined in Diagram 1. On the other hand,
Nielsen & Holm (2006) discuss the estimations of the Trvariate Heckit Model, which
is analogue to the model developed by Heckman (1979) that jointly estimates a model

that involves a dichotomous variable and a continuous variable. Also, they show some



results on the estimations of a Trivariate Probit Model that has no sample selection
problems. Cappellari & Jenkins (2003) give the generals of the Multivariate Probit
estimations in Stata using simulated Maximum Likelihood Methods.

The main objective of our paper develop the TPDSS and to present an application
of it. In order to do so, the reminder of the document is ordered as follows. In Section
2 we present the model, while Section 3 presents the application. Section 4 gives final

comments.

2 Model

To carry out the estimation set forth in Diagram 2, a trivariate model in which the
three dependent variables are dichotomous is developed: the TPDSS.

As in the case of the Probit, because the three dependent variables are dichoto-
mous, they follow the same convention. If the occurrence they represent is positive,
they are assigned a value equal to 1; if it is negative, they are assigned a value equal
to 0. In this context, the first dependent variable must be equal to 1 to observe the
second variable. Likewise, to observe the third variable, the second one must be equal
to 1. That is, to observe whether the individual observation was victim of theft, it
must answer the survey correctly (i.e. the first dependent variable has a positive
occurrence). In a similar fashion, to observe whether the individual observation re-
ports a theft, it has to suffer one (i.e. the second dependent variable has a positive
occurrence).?

As in the case of the Probit models developed in Greene (2008, p. 770-96), we
presume the existence of three latent variables characterized by a vector of regressors,

X;, and a stochastic term, ¢;;, for j = 1,2,3. Thus

yi = XuBi+ea (1)
Yy = X8y +cio
Yis = X303+ ¢€is

where (3, is the vector of coefficients to be estimated in order to determine the different

3 As explained before, the order in which the events takes place is not related to the way in which
the data are presented.



impacts of the regressors on the dependent variable j, for j = 1,2, 3. Note that X;; =
B
[ Tij v+ Tikg |is a vector of dimension (1 x K) and ;= : |is a vector of
B
dimension (K x 1).* Therefore, the subscript ijk denotes the individual, the regressor
and the equation, respectively.
In this case, scalar and spatial identification problems do not disappear. If nor-
malizations as those explained in Greene (2008, p. 770-96) are done, the dependent

variables have the following mapping:

1 if y;>0
Yi1 = . y*l (2)
0 if y5 <0
1 if g3 >0, y>0
Yiz = 0 if y7>0 , y,<0 (3)

not observed if y <0

1 if y7>0 , y5>0 , y5>0
Yiz = 0 if yy>0 , yh>0 , y5<0 . (4)
not observed if yf; <0 or y5 <0
To jointly estimate 31, 52 and 33, the Maximum Likelihood (ML) method is used.

To that end, the following assumption is made:

€il 0 L py i3
gi=| € | ~iia N 01, pra 1 pog
€i3 0 P13 Paz 1

Note that the assumption Var(e;;|X;1, X2, X;3) = 1 for j = 1,2,3 solves the
scalar identification problem. Now, to carry out the estimation by ML, the likelihood

function L(-) is:

4In order to shorten notation, the analytical working of the problem is done for the case where
the three equations have the same number of regressors. The results are immediately generalizable
when this is not the case.



N
L (51752753,P12,P23,P13|') = HPY (%*1 > 0,955 > 079;3 > 0|Xi17 Xz‘27Xi3)y“yi2yi3

i=1
-Pr(yfy > 0,92 > 0,43 < 0[Xq, Xiz,Xm)y“m(lfyiS)
“Pr(y;; >0,y < OIXH,XQ,XB)W(I_W)

Pr (g < 0[Xi1, Xip, Xy3)' " (5)
Xin

where i = 1,..., N are the observations, X,= : for h = 1,2, 3. The subscript
XNh

1k denotes the individuals and the regressor, respectively.

The argument for the construction of this likelihood function is analogous to the
one presented in the case of the Probit model from Greene (2008, p. 770-96).

In this case, if the results presented in Propositions 2, 3 and 4 from Appendix

1 are used:

Pr(y;; > 0,95 > 0,955 > 0]-) = &3 (Xﬂﬁp X289, Xi333; P12,P23,P13) (6)
Pr(y;; > 0,95 > 0,555 <0-) = &3 (Xz’h@p XiafBy, —Xi3B3; P12, — Poz, — P13)
Pr (?/z*1 > 0,92 <0-) = 0(Xy8y, —Xi2B85; —p12) -

And, as exposed in the case of the Probit model:

Pr (yf, < 0|1Xi1, X2, Xi3) = @ (—=X;3) . (7)

Then, the likelihood function L(-) can then be written as:

N
L (/8171827P|X17X27X3) = Hq)g (XillBhXiQﬁQ;Xz’3ﬂ3;p127p237p13)yi1yi2yi3 (8)
=1

i1Yi2(1—y;
OR (Xi1/61, X289, —X33s; P1a. — P, — P13)y 19i2(1—yi3)
.¢2 (Xl/Bla _Xi2/82; —p12)yi1(1*yi2)
-® (—Xiﬁ)l—yn



where ¢ (+) is the p.d.f. of a standard normal random variable and @ () is its c.d.f.;
¢ (+) is the p.d.f. of a bivariate standard normal random variable with means 0,
variances 1 and correlation coefficient py,, and its c.d.f. is ®o (+); ¢4 (+) is the p.d.f. of a
trivariate standard normal random variable with means 0, variances 1 and correlation
coefficients pio, pos3, P13 and D3 (+) is its c.d.f.

After working out the estimation of the coefficients, the marginal effects are cal-
culated to determine the impact of the regressors on the dependent variable. In this
case, there are three relevant marginal effects: one on the expected value of the first
dependent variable, F(y;1|X;1, X;2, X;3), another on the expected value of the second
dependent variable (taking into account that this is observed if and only if y;; = 1),
E(yi2|Xi1, Xi2, Xi3,4:1 = 1), and the last one, on the expected value of the third
dependent variable (knowing that this is observed if and only if y;; = y = 1), ,
E(yis| X1, Xio, Xiz, vi1 = 1, g2 = 1).

In the first case:

E(yal|) = 0-Pr(y; <0|X;1, X420, Xy3) +1-Pr(y5; > 0|1X41, X2, Xi3) 9)
= Pr(eq > —XiuB:| X, Xi, Xis) = Pr(eq < X 34|Xi1, Xiz, Xi3)
X168,
= / ¢ (S) ds = o (leﬁl) .
Thus, if the regressor k is continuous, its marginal effect on the dependent variable
is:
aE i Xl 7Xi 7X’i
MFEj = alXa, Xz X (10)
Oz,
= ¢ (Xilﬁ1) ﬁlk
fori=1,...,N.

If the regressor k, is dichotomous, its marginal effect on the dependent variable is:

ME;j = ®(XuB|zi =1) — & (X1 By |zi = 0) (11)

fori=1,...,N.



The tests done on the coefficients are on the weighted average marginal effect.
The Delta Method is then used to find out the distribution of the vector of marginal
effects, as in the Probit and the BPSS.> Moreover, the distribution of the coefficients
is analogue and the information matrix, I (3), is calculated in the same way.°

In the second case:

E(ynlyn = 1,X1,X42,Xi3) =0-Pr(y; <0y =1, X1, Xio, Xi3) (12)
+1-Pr(y} > Olya = 1, X1, Xj2, Xi3)

(e o] o0

J [ o (st p1p) dsdt

—X;181 X285
X181

[ o(t)dt

—0o0

Q5 (Xi181, Xi2Bs; p12)
¢ (X;18,)

As observed, in this case the result shown in Proposition 1 of Appendix 1 is
used. If the regressor k is continuous and characterizes the two dependent variables,”

its marginal effect on the second dependent variable is:

OF [yio|lyin = 1, X41, Xya, X3

(XiBy) - ¢ (XufBy) - @ (%) B
B 2 (X16,)
(X)) - 6 (Xiofy) - @ (%) - B
* 5 (Xuf3y)
_‘I)z (X181, Xi2Bs; p12) - ¢ (Xi181) B
P2 (X;13,) *

fori=1,...,N.

If the regressor k is dichotomous, its marginal effect on the dependent variable is:

5The Delta Method is explained in Appendix 2.

%In this case, '8 = [511 o Bixk Bar o Bakx Bar 0 Bax P12 Pas P13]
"Note that if regressor k does not characterize equation [, then 3; =0 for [ = 1, 2.
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Py (X181, Xi2By; p12)
w2 @ (X103,

% (X181, Xi2Bs; p12)
e P (leﬂl)

zi,=0 (14)

fori=1,...,N.
The tests done on the coefficients are the same as in the former case. Also, the
Delta Method is used to calculate the distribution of the vector of average marginal

effects, which is similar to the one from the former case.
In the third case:

Eyislyn = vy =1, X1, Xz, Xi3) (15)
= 0-Pr(y; <0lyn = vi2 = 1, Xi1, X2, Xi3)
+1-Pr(yjs > Olyir = yi2 = 1, X1, Xi2, Xi3)

o0 o0

f f f ¢3 (Satar;plgapgg,plg) dsdtdr

X181 —Xi2B2 —Xi383
X181 X282

_f f ¢2 (57 t, ,012) dsd

—00

02 (Xuﬂp X235, Xi333; P12,P23,P13)
O (Xz‘lﬁp Xi205; 1)12)

As observed in this case, the result calculated in Proposition 2 of Appendix
1 is used. If the regressor k is continuous and characterizes the three dependent

variables,® its marginal effect on the third dependent variable is:

8Note that if regressor k does not characterize equation j, then B; =0forj=1,2,3.

11



E 7 i1 — Yi :17Xi7Xi7Xi
MEg; = OF [yis|ya yan 1 2 3] (16)
ik
1

3 (X184, X285 p12)
X282 Xi3B3

Bir - P2 (X By, Xi2Bs; p12) - 7f ;lﬂ &g (+) dsdt

X181 Xi3B3
+ | Bap, - P2 (Xi1 81, Xi2B9; pr2) - f f ¢3 (-) dsdr

X181 Xi28,
+ | By - o (Xi181, Xi2Bs; p12) - f f b3 (+) dtdr

— B 3 (+) - 0 (XiaBy) - @ Xi?ﬂ%ﬁl;xﬂﬁl
12

— B - P35 (+) - & (Xj2Bs) - Xi1B1—p1o-Xi2Bs

vV 1_/’%2

fori=1,...,N.
If the regressor k, is dichotomous, its marginal effect on the third dependent

variable is:

OF (Xillglu X235, Xi333; P12,023,P13)

ME; rik= 17
w3 ®, (Xﬂﬁp Xi285; P12) = ( )
02 (Xi1/617 X284, Xi383; P12,P23,1013)
Dy (X184, Xi2Bs; p12) *
fori=1,...,N.

The tests done on the coefficients are the same as in the former case. Also, the
Delta Method is used to calculate the distribution of the vector of average marginal

effects, which is similar to the one from the former case.

2.1 Statistical tests on the correlation coefficients

To examine the significance of the correlation coefficients, likelihood ratio tests are
used. In this case, the null hypothesis is that the correlation coefficient(s) is/are equal
to zero. According to Greene (2008, p. 820) :

12



—2((L(Or1) + -+ L(Orn)) — L (00)) ~ x{y

where L (0g;) is the log-likelihood function for the restricted model evaluated at the
i = 1,... N restricted estimates (i.e. carried out separately) and L (0y)) is the log-
likelihood function for the unrestricted model evaluated at the unrestricted estimates
(i.e. carried out jointly). Note that ¢ is the number of degrees of freedom, equal to
the number of coefficients whose value, under the null hypothesis, equals zero. Thus,
for the estimation of the BPSS ¢ = 1, whereas for the estimation of the trivariate

Probit with sample selection ¢ = 3.

3 Application

We use an example to illustrate our results and compare them with the standard
results that will be obtained with the flawed approaches. Our data comes from the
Encuesta sobre victimizacion y eficacia institucional (Envei) (Survey on victimiza-
tion and institutional efficacy) conducted by the Centro de Investigacion y Docencia
Economicas (CIDE) (Center for Research and Teaching in FEconomics) carried on
during 2007. The potential dependent variables of this database are summarized on
Table 1.

Table 1. Distribution of the dependent variables

Adequate Answer of the Survey

Yes No Total
# of observations % of observations # of observations % of observations # of observations
1080 72.68% 406 27.32% 1486

Adequate Answer of the Survey and Suffers a Theft

Yes No Total
# of observations % of observations # of observations % of observations # of observations
347 32.13% 733 67.87% 1080

Adequate Answer of the Survey, Suffers a Theft, Reports Theft

Yes No Total
# of observations % of observations # of observations % of observations # of observations
43 12.39% 304 87.61% 347

Source: Envei 2007.

13



The distribution of the second dependent variable, suffers theft, is conditional
on the first dependent variable, answers the survey adequately. Similarly, the third
dependent variable, reports the theft is conditional on the first and second dependent
variables. It is important to remember that the conditionality of the dependent
variables’ distribution responds to the way the data are presented, not to the way
in which the events take place. As observed, 27% of the households do not answer
the survey correctly. It is then necessary to carry out an estimation that makes it
possible to characterize the dependent variables comprised in the model illustrated in

Diagram 2, so that theft and its reporting in Mexico City can be robustly described.

3.1 Data

The survey that spans our database was conducted during 2007 in the metropolitan
area known as Mexico City -that is, the 16 boroughs of the Federal District and the 33
municipalities in the conurbation which belong to the State of Mexico. This is part of
the Programa de Seguridad Publica y Estado de Derecho (PESED) (Public Security
and Rule of Law Program) undertaken by the Law Faculty at CIDE. The sampling
scheme used to carry out this survey was stratified in two stages. However, based
upon certain population indices, weights were established for each unit of analysis,
making it possible to treat the sample as representative of Mexico City’s population.

Because of the way in which the Envei 2007 presents the data, the units of analysis
considered in this study are Mexico City’s households. Consequently, all the data and
results that appear in this study are at the household level. For example, in Table
2 the variable “theft” shows whether any member of the household suffered at least

one in 2007. The reasoning is similar for the remaining variables.

14



Table 2. Summary Statistics

Variables Mean s.d.
Awareness of authorities .8189 .6964
Answers the survey correctly 7268 .4458
Files a report 1322 .3394
Education
No schooling 1373 3443
Elementary L1977 .4950
Secondary .5385 .6844
Higher .1306 14012
Income
income < 3 min. wages .6530 .7241
3 min. wages < income < 10 min. wages .3256 .7240
income > 10 min. wages .0214 1671
Locality
State of Mexico 4993 6681
Federal District 5007 6681
Theft
Auto Theft 0115 1145
burglary .0266 .1884
Personal Theft 1220 3712
Household Size 2.8628 7718

Average commute size

time < 30 minutes 2579 .6941
30 minutes < time < 90 minutes 14369 .6545
time > 90 minutes .3052 5659

Type of transportation

Public 3158 .6042

Private .6842 6042

Source: Envei 2007.

The initial sample size was 1486 observations. The descriptive statistic of the
variable “reporting” is conditional on theft taking place. Likewise, the descriptive
statistic of “income” is conditional on the survey being answered correctly. The

Servicio de Administracion Tributaria (Tax Administration Service) (2010) reports,

15



for 2007, a minimum wage of $50.57 pesos per day (in pesos of June 2002).

The variables that show the number of people and number of women per household
are continuous. The variable “locality” is dichotomous: it equals 1 when the home
is in the State of Mexico, and 0 when it is in the Federal District. The variable
private transportation is dichotomous: equal to 1 when the average transportation of
the household is private; equal to 0 when the average transportation is public. The
variable “commute time” is dichotomous and has the three levels observed in Table
2, all representing the average time that the household’s members spend transporting
themselves. The variable “education” is dichotomous and has the three levels seen
in Table 2; it refers to the head of the household’s educational attainment. The
variable “income” is treated in the same way as “education”. The variables derived
from the types of theft are dichotomous and equal to 1 if a member is a victim of
any type of theft —note that they are exclusive and not in levels. Finally, note that
the three dependent variables are dichotomous and equal to 1 if their occurrence is

positive.

3.2 Results

Table 3 presents the results from the statistical test on the correlations coefficients of
the TPDSS, explained in Section 2.1. As noted, we can reject the null hypothesis that
the three correlation coefficients are statistically equal to zero with a significance of
.01. This a sufficient condition to state that any estimation that ignores the attrition
problem that appears in the first dependent variable and the selection problem that

appears in the second dependent variable will lack of theoretical robustness.

Table 3. Joint Statistical Test on the Correlation Coefficients of the TPDSS

P12 —.4436

Prs 2231

Pos 0723
2(3) 8052.30
b vl 0000

Table 4 presents various estimates. The first column shows the most naive ap-
proach, where a model that considers theft reporting and ignores the other two de-

pendent variables is estimated. The second column shows the estimation of the BPSS

16



that ignores attrition. The third column presents the estimation of the TPDSS. We
just present the coefficients for the theft report equation to shortly exemplify the bias
issue -of course, the reminder estimations are shown in Appendix 3. The difference
between the estimations is considerable. However, we do not run any statistical test
since the correlation test presented on Table 3 is a sufficient condition to prove that
the estimations on columns 1 and 2 are wrong and that the estimations on column
3 are theoretically robust. Note that this conclusion is not general and will depend
on the specific dataset used to estimate the model. Table 5 repeats the exercise of

Table 4 but for the case of the marginal effects.
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Table 4. Coefficients Estimations for the Theft Report Equation

1] 2 3]
Intercept —2.5761  —3.5226 4.5932
[1.4824]  [1.0926]  [.1688]
Locality (=1 if State of Mexico) — —.7001 —.5138 11.0253
[4271]  [2981]  [.1860]
# People/Household 1523 .0610 —.0337
[.1642] [.0964]  [200.4550]
% of Women/ Household .0069 .0143 16.6769
[.0114] .0085]  [1792.2403]
Awareness of authorities —.2859 —.0011 17.1987
[.5189] [.3677] [.3153]
Education
Elementary —.8889 —.6219  —21.4389
[.8279] [.5836] [1.1420]
Secondary A877 .0957 —15.8431
[.6907] [.4675] [.2747]
Higher —.7896 —.2458 .6986
[1.1670] [.6467] [1.1356]
Auto Theft 8.1372 3.4882 2.8355
[315.3911]  [.5864] [.4800]
Burglary 1.3144 1.2651 —4.0959
[.6445] [.4091] [.3578]
Personal theft .8601 1.8863 —10.0731
[.5292] [.3792] [.3061]
Pseudo R? 8471 8328 5230
N 242 994 1486

Note: standard errors in brackets.
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Table 5. Marginal Effects Estimations for the Theft Report Equation

1] P 3]
Locality (=1 if State of Mexico) —.1451 —.0617 0224
[.0842]  [.0356] .0316]
# People/Household 0315 .0069 .0365
[.0326] [.0112] [07557]
% of Women/ Household 0014 .0017 .0954
[.0023]  [.0009] [7.4971]
Awareness of authorities —.0626 —.0001 0321
[.1190] [.0439] [.5731]
Education
Elementary —.1478  —.0585 .0000
[.1038]  [.0609] [.0021]
Secondary 0378 .0126 —.0176
[.1347] [.0592] [1.3729]
Higher —.1257 —.0275 .0000
[.1307] [.0717] [.0158]
Auto Theft 7968 .8418 .1499
[.0414] [.0613] [.0318]
Burglary 3324 2253 1371
[.1585]  [.0913] [.0550]
Personal theft 1573 .0924 —.0108
[.0795]  [.0355] [.0049]
Pseudo R? 8471 .8328 5230
N 242 994 1486

Note: standard errors in brackets.

4 Final Comments

In this paper we analytically develop a Trivariate Probit Model with Double Sample
Selection, an model that is absent in the econometric literature. In order to illustrate
the relevance of the model, we present an application where the double selection
happens with an attrition problem in the first equation and with a sample selection

in the second equation. The results from the application show that, in this case,
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ignoring the aforementioned problems hinders the attainment of theoretically robust

results.
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Appendix 1

Proposition 1 Let ¢, (-) be the p.d.f. of a bivariate, random, standard, normal

distributed with the means 0, variances 1 and correlation coefficient p. Also, consider

20



a,b,c € R. Then

/C/C% (3,8 p) det_/a/b% (s, t; p) dsdt. (AL1)
—a b Ze Ze

Proof. Define s = —x and ¢t = —y. Hence, ds = —dz and dt = —dy. Then

c ccbz (s,t;p)dsdt = ¢2 —y; p) dxdy (A1.2)
Za b
- / / b3 (~, —y; p) ddy.

Rewriting ¢, (+),
G2 (=@, —y; p) = @3 (%, 45 p) (AL.3)
therefore
a b
//%(—fc, —y;p)dady = //% x,y; p) dxdy (AL.4)
= //qbz s, t; p) dsdt

which completes the proof. m

Proposition 2 Let ¢4 () be the p.d.f. of a trivariate, random, standard, normal
distributed with the means 0, variances 1 and correlation coefficients piy, Pazs Pis-
Also, consider a,b,c,d € R. Then

d a b
—b

d d c
///¢3 8 taT§P12»P23>P13)d3dtdr:///Cb?, (88,75 P12, Pa3s P13) dsdidr.
- ~d —d —d

B (AL5)
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Proof. Define s = —z, t = —y and r = —z. Hence ds = —dx, dt = —dy and
dr = —dz. Then

d d d
///<;§3 s, t, 13 p;;) dsdtdr = (A1.6)
—b —c

fori,j =1,2,3 with ¢ # j.
Rewriting ¢ (-),

P3 <_x7 —Y, —Z; P12 P23> P13> = ¢ (fEa Y, 25 P125 P23) ,013> (A1~7)
therefore
b a b ¢
///¢3 x, =Yy, —2; pij) drdydz = //¢3 (x, Y, 2; sz) dxdydz (A1.8)
Zd - “d —d —d

a b c
= ///¢3 (s,t,7; ,ol-j) dsdtdr
d—d —d

which completes the proof. m

Proposition 3 Let ¢4 () be the p.d.f. of a trivariate, random, standard, normal
distributed with the means 0, variances 1 and correlation coefficients piy, Pass Pis-
Also, consider a,b,c,d € R. Then

d d —c a b —c

///¢3 8,1,75 P12, P35 P13 deth—///% S, 1,75 Pra, —Pag, —p13) dsdidr.

—a —b — —d —d —d
(A1.9)
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Proof. Define t = —y and » = —z. Hence, dt =

d d —c
///¢3 (s,t,r;pzj) dsdtdr
—a —b —d

1,2,3 with 7 # j.
Rewriting @3 (s, =y, —2; P12, P23s P13),

for¢,7 =

O3 (37 —Y, —Z; P12, P23, P13) =

therefore
a b —c
/ / / by (5.~ —2 pys) dudydr
Zd—dZd
{
{

which completes the proof. m

Proposition 4 Let ¢, (-) be the p.d.f.

O3 (xayvr;plb

&\@ &\@

—dy and dr = —dz. Then

(A1.10)

(A1.11)

— P23, —P13)

(A1.12)

/¢3 (37 Y, 25 P12y —P23> —P13) dsdydz

—C

/¢3 (5,8, 7; P12, —Paz, —P13) dsdtdr

of a bivariate, random, standard, normal

distributed with the means 0, variances 1 and correlation coefficients p. Also, consider

a,b,c € R. Then

a

d —c
//¢25tpdsdt

—a

23

[ [onts

—d —d

—C

t; —p) dsdt (A1.13)



Proof. Define t = —y. Hence, dt = —dy. Then

d —c —d —c
¢y (s,t;p) dsdt = ¢y (8, —y; p) dsdy (A1.14)
/1 -/ _{
= / / by (5, —y; p) dsdy.
Rewriting ¢, (+),
P2 (5, =y;p) = (8,45 —p) (A1.15)
therefore
by (5, —y; p) dsdy = by (5,5 —p) (A1.16)
/1 /]
= //¢2 (s,t;—p) dsdt
—d —d

which completes the proof. m

Appendix 2

Delta Method

Let & be a p x 1 vector. If & ~ N (u, A) and f (&) is any given function, then:

FE) ~N(f(p).J(f(&) - ALT(f(E)

where J (f (§)) is the Jacobian matrix of the function f (§). Here, p is of dimension

p x 1 and A is of dimension p x p.’

9This method is formally stated in Greene (2008, p. 1055).
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Appendix 3

Table A1l. Coefficients Estimations for the Attrition Equation

Univariate, Bivariate, Trivariate

Intercept 180
[182]
Locality (=1 if State of Mexico) .060
[.091]
Education
Elementary .004
.031]
Secondary —.001
.002]
Higher —.116
[.098]
Auto Theft —.413
[.114]
Burglary —.391
[.120]
Personal theft 102.521
[56.859]

Note: standard errors in brackets.
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Table A2. Marginal Effects Estimations for the Attrition Equation

Univariate, Bivariate, Trivariate

Locality (=1 if State of Mexico) 021
[.031]

Education
Elementary .001
[.011]

Secondary .000
[.001]

Higher —.040
[.034]

Auto Theft —.143
[.039]

Burglary —.136
[.041]

Personal theft 429
[.064]

Note: standard errors in brackets.
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Table A3. Coefficients Estimations for the Theft Equation

Univariate Bivariate Trivariate

Intercept 144 —.662 23.760
[.364] [.206] [1406.712]
Locality (=1 if State of Mexico) .055 017 —.10.742
[.161] [.091] [.353]
# People/Household 115 .055 7.189
[.065] [.032] [.128]
% of Women/ Household —.009 —.006 1.050
[.004] [.002] [.044]
Private Transportation .022 .016 —1.640
[.179] [.105] [.003]
Commute Time
30 minutes < time < 90 minutes 426 .266 —8.499
[.194] [.117] [.163]
time > 90 minutes 496 283 —9.555
[.206] [.122] [.232]
Income
< 3 minimum wages —.351 —.246 —2.898
[.180] [.096] [.207]
> 10 minimum wages —.093 —.055 3.463
[.605] [.307] [.245]
Pseudo R? 400 .833 523
N 994 994 1486

Note: standard errors in brackets.
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Table A4. Marginal Effects Estimations for the Theft Equation

Univariate Bivariate Trivariate
Locality (=1 if State of Mexico) .020 .005 —.036
[.059] [.027] [.216]
# People/Household .042 .016 .024
[.023] [.009] [.760]
% of Women,/ Household —.003 —.002 .003
.001] .001] [111]
Private Transportation .008 —.005 —.556
[.066] [.031] [.272]
Commute Time
30 minutes < time < 90 minutes [.155] [.074] [—.023]
.068 .032 272
time > 90 minutes [.179] [.079] [—.032]
.070 .033 272
Income
< 3 minimum wages —.130 —.074 —.010
[.066] [.030] [.275]
> 10 minimum wages —.034 —.018 .012
[.022] [.097] [.275]
Pseudo R? 400 833 523
N 994 994 1486

Note: standard errors in brackets.
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